INTRODUCTION
Microfluidics is a widely-used technology for producing and transporting droplets and bubbles of well-controlled size 5, 11, 30 , or for the production of complex materials, such as monodisperse foams 23, 48 , complex emulsions 44, 45 , or dispersions of non-Newtonian fluids 15, 29, 54 . Important progress has also been made in understanding microchannel flows 12, 17, 19, 28 . These aspects are critical for producing controlled dispersions, which require simultaneous control over both the bubble/droplet break-up mechanisms, and the subsequent two-phase channel flow.
While several regimes of bubble formation have been reported 11 , there are only few simple flow control methods. The easiest way to achieve control over the flow is to apply either a constant volumetric flow rate or a constant pressure to each phase 53 . A convenient set-up for creating gas dispersions in a liquid consists of imposing the gas pressure and the liquid flow-rate. This allows to obtain well-controlled flows by fine-tuning the inlet parameters, which determine the final bubble size, thus leading to the production of uniform dispersions 11 . While the initial tuning of the parameters during the production start-up phase is rarely detailed in literature, this phase is critical for establishing a steady-state production regime, and is known to be strongly affected by hydrodynamic feedback that can lead to non-uniform bubble formation 20, 21, 23, 48, 50 . For Newtonian fluids, such feedback is critical during the start-up phase and can induce transient oscillation of the frequency of bubble production in flow-focusing devices 50 . Even when the gas pressure is barely modified, various flow patterns of bubbles or transient disordered regimes may appear, which can take several minutes to re-stabilize 21, 23, 48 . These different results highlight the sensitivity of the start-up flow in microfluidic devices to any change of operating conditions due to hydrodynamic feedback. Understanding and controlling the start-up phase is therefore crucial for any industrial production of controlled materials, especially when scaling up production using parallelized systems that are already prone to instability due to the existing feedback between their different branches 27 .
At small scales, these hydrodynamic feedbacks are strongly linked to the interfacial dynamics and have been extensively modeled and studied for Newtonian fluids 6, 9, 10, 48 . Much less is known if the continuous phase is a yield-stress fluid (YSF), despite obvious industrial relevance: many processes focus on adding gas bubbles to such complex materials to enhance their properties. Examples include building materials for sustainable construction (such as concrete, plaster), food products (such as whipped cream, ice cream), or cosmetic creams 41, 51 . Foaming these materials has various advantages: it makes building materials lighter and more insulating (thermally or acoustically) and allows to control the texture and shape of food or cosmetic products.
YSF often exhibit a microstructure consisting, e.g., of polymer chains, micro beads or fibers, microbubbles or droplets, which result in solid elastic response below, and liquid flow response above, a certain critical stress value τ y , called the yield stress 7, 13, 43 . Consequently, YSF flowing in circular channels may exhibit simultaneous solid and liquid behavior, under the form of a solid-like plug at the center of the channel and a sheared liquid annulus close to the wall. In addition, YSF flow in circular channels with smooth surfaces are often prone to wall slip, which can be avoided by applying a chemical treatment 4, 7 . In this regime, the velocity profile is a full plug and the material has a solid-like consistency on almost the entire channel cross-section, which is very different from the Poiseuille-like velocity profile exhibited by Newtonian fluids. How the presence of this solid-like region, which is all the more important if the system exhibits wall slip, affects the interfacial dynamics and the start-up phase of bubble production in microfluidics channels is currently an open question.
We focus the present report on the start-up of bubble production in micro-and millifluidic devices when the continuous phase is a YSF. When using flow-focusing or T -junction devices, we observe the break-down of bubble production during the transient regime. We study the two processes responsible for this breakdown, namely (i) important reduction of the hydrodynamic pressure drop along the channel and (ii) deposition of a thin film leading to bubble coalescence, by performing experiments on single YSF plugs as well as on bubble trains including multiple YSF plugs. This allows us to retrieve a deposition law and to probe the effect of wall slip and surface roughness on the stability of the flow during the start-up phase of bubble production. We also identify routes for reducing the instabilities, which may lead to devices capable to produce stable dispersions of bubbles in YSF on a large scale.
MATERIALS AND DEVICES
T -junction and flow-focusing devices have been used to study the start-up phase of bubbles production in YSF, while glass capillaries were used to probe the deposition on YSF on smooth surfaces.
Devices.
Our three dimensional T -junction and flow-focusing devices are made of transparent resin and manufactured (FineLine Prototyping Inc.) using stereolithography (STL). This technique relies on the local crosslinking of a photopolymer resin under the controlled displacement of a laser. The first built layer adheres to a support platform which is moved down of one step (50 µm for our devices) and covered again by the liquid polymer, the process being subsequently repeated until the whole part is built layer by layer. However, this layer-by-layer STL manufacturing process implies that the cross section of our channels is not a perfect circle but rather a discretized circular shape, resulting in controlled circumferential roughness (hereforth referred to simply as roughness). See supplementary material at [URL to be inserted by AIP] for the calculation of the surface of the channel taking into account the roughness 1 . Our devices have channels of radii R = 0.5, 1, 2 mm, and an outlet channel length (L) of 5 or 10 cm. In the following we detail the results obtained for T-junctions (as shown in 2) but the same phenomenology was observed with flowfocusing devices. We have presented the details of bubble formation in YSF in these geometries elsewhere 32 .
To study the deposition of YSF in smooth channels, we use glass capillaries of length 10 cm, and radius (R) 235, 513, 620, 702 µm. These capillaries possess no detectable roughness.
For all experiments, we impose the gas pressure using a Fluigent pressure controller (MFCZ 0-2 bar), and the YSF flow rate using a syringe pump (Harvard Apparatus). Movies of the experiments are recorded using a CCD camera (Marlin) at a maximum frame rate of 200 fps. The image resolution is 9.3 µm (1 px), and the camera shutter opening time is between 100 and 600 µs.
Materials.
We use two model YSF: (i ) concentrated oil-in-water emulsions; (ii ) carbopol gels; which are known to be good model of simple YSF (i.e. not thixotropic) 14, 39, 42 . They present different microstructure but obey the same nonlinear stress (τ ) / shear-rate (γ) relationship, given by the Herschel-Bulkley law in simple shear: τ = τ y + kγ n , with τ y between 100 Pa and 300 Pa for the emulsion and 75 Pa for the Carbopol gel, k the consistency index ranging between 35 Pa.s n and 124 Pa.s n , and n the power law index equal to 0.5 for emulsions and 0.35 for Carbopol gel. These rheological parameters are determined using a Bohlin C-VOR rheometer with rough parallel plates, which will be hereforth referred to as "bulk" measurements.
Our Carbopol (980 from Cooper) is made of polyacrylic acid (PAA) resins dispersed in water and neutralized with a base. The neutralization generates ionic repulsion between the polymer chains which adopt an expanded configuration, thus forming blobs that swell until the osmotic pressure inside the blob balances the pressure inside the solvent. The size of individual blobs is of the order of 100 µm 35, 47 . We disperse the carbopol in water at a concentration of 1.1% . To neutralize the solution we use sodium hydroxide (NaOH, 1 mol/L). The mixing lasts 24 hours and is performed with a planetary mixer to ensure homogeneous mixing throughout the sample. The carbopol density (ρ) is 980 kg/m 3 , and its surface tension (T ) is approximately the surface tension of water: 66 mN/m 8, 31 .
Our oil-in-water emulsions are made of a dispersion of silicone oil droplets into a water-glycerol immiscible phase. The glycerol quantity is adjusted to obtain a transparent material. When the droplet volume fraction φ ≥ 0.64, droplets are deformed by their neighbours and form a contact network that is able to handle stresses without flowing, thus becoming a YSF. We use 350 cP silicone oil (90 % vol.) and water/glycerol mixture (47/53 wt/wt, 10% vol.). 3 % wt/wt of surfactant (tetradecyltrimethylammonium bromide from Sigma-Aldrich) is added to the glycerol-water mixture to stabilize the interfaces. The mixing is performed using a Couette emulsifier (manufactured by TSR). The resulting mean droplet diameter, which lies in the range 5-10 µm, depends on the applied shear rate. The droplet size distribution of the emulsions, determined optically using a confocal microscope (Zeiss Axio Observer Z1 with LSM700 confocal lens), is in agreement with previous light scattering measurements on similar emulsions 25 . As suggested by previous studies 18 , we assume that the surface tension of emulsions is roughly the surface tension of their continuous phase with surfactant, T = 35 mN/m.
For sake of comparison with Newtonian fluids, we also use Newtonian silicone oils (Fungilab RT100000) with a viscosity η = 100 Pa.s.
YSF FLOW IN CONFINED CHANNELS
YSF flowing in microchannels exhibit unsual microflow response due to the commensurability of the fluid characteristic length scales with the channel's diameter. Hence, various features such as finite-size effects and non-local rheology , phase-separation or particle's migrations, and shear inhomogeneities leading to shear banding or wall slip have often been reported 3, 4, 7, 24, 25 .
Non-local rheology, wall slip and particle's migration.
Non-local rheology of emulsions similar than ours has been observed when the ratio of the channel diameter to the size of the microstructure is below 40 as shown in 25 , which is twice smaller than in our experiment. For carbopol gels, confinement effects have been reported in microchannels with radius below 150 µm 24 . This value is far below our minimum channel radius of 500 µm, which suggests that the flow is not modified by confinement in our experiments. The results presented here should be valid for the two materials down to this confinement limit and therefore it is reasonable to use the constitutive law deduced from Capillary rheometer experiment.
Shear banding and wall slip, which are both consequences of shear inhomogeneity, may appear simultaneously 38 . To detect possible discontinuities present in the flow-field, we followed the velocity profile in the exit channel of a device prefilled with emulsion (τ y = 150Pa) using small (6 µm) fluorescent particles tracking. We observed a flat uniform velocity profile across the channel for the whole range of flow-rate investigated, which is characteristic of a slip regime. We never observed shear-banding and thus we can conclude that wall slip is the only discernible form of shear inhomogeneity in our set-up.
The evidence of wall slip not a surprising feature: YSF possess a finite size microstructure, therefore it exists a depletion region near the smooth solid surfaces free of droplets or polymer blobs. This region, filled by the YSF continuous phase (or solvent) which usually possesses almost Newtonian properties can experience most of the applied stress during the material flow. This results in an apparent velocity of the material at the wall 4, 7 .
We also report that the confinement of the flow does not seem to induce any phase separation nor any migration of blobs: the texture and the dynamics of spreading of centimetric Carbopol drops on a flat surface due to gravity are similar prior and after the flow. Blob migration is indeed not likely to happen in these systems due to the high concentration of Carbopol present in the material, which is required in order to achieve high value of yield stresses.
Flow characterization via Capillary rheometry.
Thus, to evaluate the impact of wall slip on the flow of the materials inside our different channels, we perform a capillary rheometry experiment. This allows to extract effective rheological parameters which are representative of the behavior of the considered material in the chosen channel.
First, the channel is filled with the YSF. Then, the material is pushed at constant pressure (∆P ) by an infinite gas bubble. We measure the velocity of the bubble meniscus (V (t)) at least 20R downstream of the junction to avoid possible perturbations due to entrance effects, and the length (L y (t)) of the YSF remaining in the channel as the meniscus advances. Neglecting the thin film, the mean flow rate is thus given by: Q = πR 2 V and the wall shear stress by τ w = ∆P R 2Ly . Then, the wall shear rate (γ w )
is computed with the Mooney-Rabinowitsch formula 34 :
The results for carbopol gels flowing in channels with different radii and surfaces are presented in Figure 1 along with the corresponding fit to a Herschel-Bulkley constitutive equation τ = τ y + kγ n , with τ y the yield stress, k the consistency parameter (Pa.s n ), and n the flow index. Since k and n are related to the flow of the liquefied material, they should not depend on the boundary conditions, therefore we choose to force the value of k and n to be as close as possible to their bulk values. Indeed as the shear rate increases, the material must yield causing the slip layer to be destructured, and the flow recover mostly its bulk rheology 40 . Under this constraint, the best fit values of the three parameters are summarized in Table I , along with the "bulk yield stress" of the materials. Table I The apparent rheology of the different materials when flowing in each type of channel is different, as a consequence of wall slip 4, 34 . We can note that: (i) in all cases except for carbopol solutions in STL channels, the apparent yield stress of the material (the sliding yield stress) is lower than its bulk yield stress, a typical signature of wall slip 49 ; (ii) when the shear rate increases, the data (and as expected, the extrapolated fits) tend assimptotically to the same rheological behaviour. A similar behaviour is observed for oil-in-water emulsions.
This underlines that the sliding yield stress measured in smooth channel is not an intrinsic property of the material but results from the fluid flow on the surface of the channel 40, 49 .
BUBBLE PRODUCTION IN YSF
Experiments using STL rough channels.
To investigate the start-up of bubble production, we proceed as follows: first the outlet channel of the Tjunction or flow-focusing device is completely filled with YSF at an imposed flow rate Q in the range 0.01-1.5 ml/min. Then, gas pressure (∆P ) is applied to the lateral channel of the T -junction until it overcomes the pressure associated with the YSF flow at the imposed flow rate, which leads the onset of bubble production (Figure 2 ). We observe that the time to form each bubble is constant, because the devices operate in "geometrical mode" 32 : the time to produce one bubble is given at first order by t b Ω/Q, the time to fill the junction (of volume Ω) at the imposed YSF flow rate (Q). This regime is qualitatively similar to the quasi-static break-up mechanism observed for Newtonian fluid in 2D flow-focusing devices 22 , in which the final pinch-off driven by capillarity is extremely fast compared to the slow (quasi-static) thinning of the gas thread 52 . However, a constant time of bubble production is not sufficient to ensure a steady production of bubbles: after a quasi-steady regime of few seconds leading to the production of nearly 40 2mmlong bubbles, the length ( ) of the successive gas bubbles quickly increases until becoming more than a centimetre long (Figure 3 ). Moreover, when travelling along the channel, the length of the plugs separating two adjacent bubbles, L p , decreases. This can be visualized looking at the spatiotemporal diagram in Figure 2 . To obtain this figure, we first retrieve the grey levels of each image of the experimental movie along the centerline of the outlet channel, then we stack the resulting pixel lines side by side. We observe that the coalescence of all plugs is extremely quick: it lasts 1.55 s compared to 2 mins, the total duration of the bubbling regime.
Two main processes were identified as responsible for the destabilization of the bubble production: the production of successive bubbles of increasing length ( Figure  3 ) and the coalescence of all bubbles due to the catastrophic thinning of the YSF plugs, which results in a co-flow of gas and YSF. We emphasize that these observations also concern the production of bubbles in Newtonian silicone oil, and are highly reminiscent of results from literature concerning the pressure-driven flow of a bubble train in a viscous fluid 6 : after a transient slow flow, the viscous plugs separating the bubbles suddenly rupture and are replaced with a rapid gas flow. This has been explained 6 though the combined effect of (i) global interactions through hydrodynamic feedback and (ii) interactions among nearest-neighbour plugs through the wetting films. Indeed, when the train of plugs is set into motion and accelerates, the liquid plugs leave a larger amount of liquid on the channel' walls than what they may recover from the liquid film ahead of them, because the amount of liquid deposited on the wall is an increasing function of the velocity 9 . This leads to a of Lp (carbopol C1 in a STL channel: R = 1 mm, L = 10 cm, with Q = 0.05 ml/min and ∆P = 297 mbar). The temporal evolution is visualized on the centerline of the channel. Bottom: sketch of experimental measurements: a) plug of YSF between two bubbles following each other in a multiple plugs experiment; b) meniscus displacement in steady single plug experiment at imposed flow rate; c) plug displacement between two "infinite" bubbles in unsteady single plug experiment decrease in the plugs' length, which in turn leads to a decrease of the global viscous resistance, which leads to fast increase in the plugs' velocity under the effect of the constant gas pressure. Finally, when one plug breaks, the pressure drop decreases strongly and the flow accelerates thus leading to a cascade of plug rupture. Due to the simple rheology of Newtonian fluids, this effect has been quantitatively modeled 6 . In the following, we propose to adapt this scenario to understand, the start-up phase of the production of bubbles in a YSF when using T-junction or flow-focusing devices.
Hydrodynamic feedback: increase in bubble size.
We first propose to interpret the increase in bubbles' size as an hydrodynamic effect due to the modification of the hydrodynamic resistance downstream of the junction by bubbles flowing in the outlet channel. For Newtonian fluids, such approach allows to describe the size of the bubbles produced in flow-focusing devices 21 , and also to take into account the effect of the extra-pressure drop associated with the presence of bubbles in the outlet channel of the device 50 , as well as the pattern observed during foam production in microchannels 48 . In these cases, the pressure drop associated with the two-phase flow is due to 5 : (i) the viscous contribution due to the plugs sepa-rating each bubble; (ii) the pressure drop due to the interfaces at the front and rear of each bubbles. For Newtonian fluids in microfluidics geometries the interfacial contribution increases the total hydrodynamic resistance (r h (t)) compared to a single phase flow of the same liquid. If the gas is driven at imposed pressure (∆P ), this leads to a decrease in gas flow rate Q g (t) = ∆P/r h (t). Finally, considering that the time to form a bubble (t b ) is approximately constant, and since (t) ∼ Qg(t)t b πR 2 it should imply the production of bubbles of decreasing length.
Yet, on Figure 3 , we observe an increase in bubble size during the experiment, therefore implying a decrease in total hydrodynamic resistance. We propose to explain this result by considering: (i) the large effective viscosity of YSF compared to Newtonian fluids, which tends to make dominant the role of the viscous pressure drop inside the plugs; (ii) the relatively large size of our channels compared to microfluidics channels that tend to decrease the interfacial pressure drop, which becomes all the more negligible compared to the viscous contribution. Therefore, if the viscous contribution is dominant, as a bubble is formed, the volume fraction of gas inside the channel increases, in turn decreasing its hydrodynamic resistance (r h (t)). Since the gas is driven at imposed pressure and the time to form a bubble (t b ) 32 is approximately constant, it implies the production of bubbles of increasing length. While these assumptions account well for the observed unstable behavior, they do not take into account the fluid deposition, and subsequent bubble coalescences that lead to the break down of the bubbling regime.
Fluid deposition: plug rupture.
To quantify the effect of the fluid deposition over the destabilization, we follow the evolution of the lengths of three plugs (L p ) as they flow in the channel along with the flow mean velocity (V ). These are reported as a function of time from the beginning of the experiment on For t < 200 s and V < 1mm/s the three L p don't exhibit any rapid variation, while for t > 200 s, the rapid increase of V induces a simultaneous catastrophic reduction of L p for the three plugs. This leads to the quasisimultaneous coalescence of the air bubbles. This critical dependency of the plug length with the velocity suggests that the deposition process is linked to the imposed shear rate (γ ∼ V R ), and thus to the stress state of the system. For a YSF obeying to the non-linear Herschel-Bulkley law, the stress-state of the system is characterized by the Bingham number Bi −1 = k V R n /τ y which compares the effective viscous stress determined by capillary rheometry to τ y , the bulk yield stress. Typically when Bi −1 < 1 the material is mostly solid like and flows with a plug-like velocity profile, whereas for Bi −1 > 1 the material should be mostly liquid and the velocity profile quasi Poiseuillelike. The length of the three plugs normalized by their initial length are represented as a function of Bi −1 on Figure 5 along with other equivalent data obtained for the two model YSF. We observe that the data obtained for different materials, and plugs with different initial size collapse reasonably on the same curve. Even if the variation of the size of the plugs depends on the history of the systems, two regimes are clearly identified: (i) in the first regime, the plug size does not vary significantly. It corresponds to Bi −1 ≤ 1 where the viscous stress is small compared to the yield stress, and the velocity profile is mostly constituted of a solid-like region flowing like a plug and (ii) in the second regime Bi −1 ≥ 1, the plug size decreases rapidly (from Bi 0.8) until the plugs rupture for Bi −1 2. For this range of Bi, the material is totally fluidized and the velocity profile Poiseuille-like. As observed for Newtonian fluids, we attribute the catastrophic decrease of L p for Bi −1 ≥ 1 to film deposition along the channel's wall. To verify this point, we compute the deposited film thickness (h) that surrounds the bubbles by means of a mass balance as achieved for a Newtonian fluid 6 .
Indeed, as a plug advances inside the channel it gathers what was deposited by the plug ahead of itself, and deposit an amount of material that depends on the bubble velocity 9,33 . This leads to:
Where h f (resp. h) denotes the thickness of the film in front of (resp. behind) the considered plug. The computation is iterative and requires the measure of the thickness of one film to be achieved. To minimize the error we choose to measure the maximum observable value of the film thickness ( 0.4R). Moreover, to avoid finite size effects which may arise from interaction between the front and rear menisci of the plug and perturb the flow, we do not consider data with L p < 2R. The results are displayed in Figure 6 as a function of Bi −1 .
We interpret the plateau at low velocity as a limiting effect due to the surface roughness of the device. Due to the manufacturing process the real perimeter of the cross section of the devices is 8R (see ESI for details †), therefore a deposited thickness that is sufficiently thin to follow the roughness of the device would increase the interfacial energy by 27 % compared to an annular film. Considering that the interfacial energy associated with the film surface must be minimized, and thus that the material must at least fill all the roughness until its surface as a curvature of R −1 , it leads to an equivalent limiting thickness h R = 0.04 (see ESI for details † ). This value is represented by the green dashed line on Figure 6 , and reasonably corresponds to the measured plateau. These results highlight that the deposition of YSF on the wall of the channel is governed by Bi −1 . On the one hand, for Bi −1 > 1, the YSF is fluidized and the thickness of the deposited film increases with the velocity as observed recently in different geometries 26, 33, 36, 37, 46 . This efficient deposition process induces the rapid thinning of the plugs separating adjacent bubbles leading to their collapse. On the other hand, for Bi −1 > 1, the deposited thickness saturates to a value, which seems to depend on the channel roughness. In this regime, the thinning of the plug is slower, they are less prone to collapse and the start-up phase of bubble production is stable for a longer time. This suggests that the start-up phase of bubble production in channels where the roughness is extremely small, i.e. smooth channels, should be even more stable. To elucidate this point, in the following, we study the efficiency of the deposition of a YSF plug when flowing on smooth channels. Experiments using glass smooth channels.
The stability of a single plug of either carbopol (C1) or emulsion (E2) is investigated by measuring the amount of material it lets on the wall of a smooth untreated channel (film of mean thickness h) when moving at constant velocity (steady experiment), or at imposed pressure (unsteady experiment) as sketched in Figure 2 .
In the steady experiments (Figure 2a ), the channel is filled with YSF and connected to a syringe mounted on a syringe pump set on withdrawal mode at fixed flow rate (Q sp in range 1 µl/min -0.2 ml/min). The fluid initially inside the capillary gradually fills the syringe, but due to the deposition of a thin film on the wall of the channel, the meniscus must move faster than the mean velocity corresponding to the imposed flow rate. We record the emptying of the capillary, and measure the velocity of the meniscus V . In that case, mass conservation yields to Q sp = V π (R − h) 2 , which leads to
In the unsteady experiments (Figure 2b) , a YSF plug of length L p is pushed inside a glass channel with a smooth wall at imposed pressure ∆P . As it moves the plug deposes a thin film of YSF on the wall of the channel. This leads to a decrease in the plug length and, consequently, the plug accelerates. As performed for Newtonian fluids on rough surfaces 2,33 , we measure both the length of the plug (L p ) and the velocity of its rear meniscus (V ) to compute the mean film thickness deposited on the wall of the channel.
Values of the film thickness h, obtained in the steady or unsteady experiments are shown on Figure 7 in a smooth glass capillary with R = 513 µm along with data obtained in the same geometry but for no-slip boundary conditions (using treated capillaries) 33 . The data obtained in the two different configurations (steady and unsteady experiments) collapse on the same figure, thus validating the unsteady measurement protocol. For Q sp < 0.1 mL/min and ∆P ≤ 5 mbar, we do not measure any significant decrease in plugs size during their motion inside the capillary (10 cm): there is either no film deposited, or it is less than the resolution of our set-up (typically 1 µm). On smooth surfaces, the variation of h is far sharper than on rough surfaces. It typically increases with an exponent between 2 and 3 whereas it is close to 0.3 for no-slip boundary conditions, and to 0.66 for Newtonian fluids. We attribute this effect to wall slip. Indeed, wallslip is a classical feature of YSF exhibiting a microstructure. During the flow, there is a depletion of the microstructure close to the wall due to the finite size of the microelement. This region, only filled with the YSF solvent of low viscosity usually experiences most of the applied stress, thus resulting in an apparent velocity of the material at the wall 4,7 .
To account for the rheology of the different YSF and channels we use, we plot h R as a function of the inverse of the Bingham number (Bi −1 ), for all the experiments performed with slip boundary conditions on Figure 8 . Three regimes can be identified: (i) for Bi −1 < 1 we are not able to measure the deposited thickness which suggests that it is either typically less than 1 µm or that no deposition occurs due to wall-slip. We can note that, if a thin layer of the YSF continuous phase is deposited, this regime would last as long as the elements of the microstructure can deform and concentrate. Eventually, it would lead to the contact between the microstructure of the fluid and the wall, therefore possibly triggering (at least partial) no-slip boundary conditions and the deposition process. This may also induce stick-slip motions 16 . However, we did not observe such sudden deposition when the plug starts in full slip nor stick-slip motion on distances of 10 cm; (ii) for Bi −1 ∼ 1 there is sharp increase in the deposited thickness, that we interpret as a fast fluidization process due to the transition from the slip regime to the no-slip regime. Indeed, when the flow accelerates the slip layer should be destructured and the no-slip boundary conditions must be recovered; (iii) for Bi −1 > 1 the film thickness seems to saturate toward an almost constant value. This value roughly corresponds to what is predicted for YSF with no-slip boundary conditions 33 , which is expected if the slip layer is destructured. In Figure 8 , we also compare the measurements of the film thickness obtained for a single plug on a smooth surface (glass) to the results obtain for a train of plugs in STL channels (circumferantial roughness of typical size 50 µm).
First, we note that in the case of multi-plug experiments we do not have access to the saturation regime observed for Bi −1 > 1 since plugs decrease rapidly in size and rupture before Bi −1 > 1. Then, we observe that the measurements obtained in both set-ups exhibit similar power-law behaviour for Bi −1 ∼ 1. This suggests that the deposition mechanism and therefore the fluidization process of our materials is similar whatever the surface. We also underline that for glass channels, we obtain measurement of the film thickness for values that are below the geometrical limit associated with the roughness of STL devices. This is expected, since glass capillaries possess no detectable roughness and very thin film thickness can be deposited without increasing strongly the associated interfacial energy.
CONCLUSIONS
To conclude, we have identified and studied the two main mechanisms responsible for the destabilization of bubble production in T-junction and flow focusing devices when the continuous phase is either a Newtonian or a yield-stress fluid: (i) hydrodynamic feedback due the large viscosity contrast between the continuous phase and the gas which is driven at imposed gas pressure; (ii) the fluid deposition on the wall of the channel. Despite the similar mechanisms, the details are very different between Newtonian fluids and YSF. In partiular, the deposition of YSF on the wall of the channel depends on the stress state of the system (quantified by the Bingham number Bi −1 ). Three regimes of YSF deposition are thus identified: (i) for Bi −1 < 1 the fluid slips, and the deposited layer is either very thin (h ≤ 1 µm) or imposed by the wall equivalent roughness: the deposition dynamics induced by the capillary pressure gradient under no-slip boundary conditions is screened. In this regime, the length of the YSF plugs does not collapse, and the flow is relatively stable; (ii) for Bi −1 ∼ 1 the film thickness increases rapidly. In this case the deposited film becomes thick, thus leading to the destabilization of the YSF plugs; (iii) for Bi −1 > 1, consistent bubble production cannot be obtained due to the quick destabilization of the bubble train. Yet, in experiments using a single plug, we show that the deposited film thickness saturates to a value that is close to that predicted by scaling laws for no-slip boundary conditions, which suggests the disappearence of the slip layer as shear rate increases (also observed in classical rheometers 40 ).
These results therefore highlight the importance of the boundary conditions (in particular, channel surfaces) on the stability of YSF two-phase flows, and their interplay with surface tension (through the deposition process) and hydrodynamic effects on the stability of bubble production in microfluidic geometries. In particular, our work suggests that using slippery surfaces will potentially open new routes to controlled production of complex aerated material.
